Abbreviations: AMC, Arabian medium crude; PAH, polycyclic aromatic hydrocarbon; SLC, South Louisiana crude.
T he Deepwater Horizon Spill has oiled several Gulf Coast ecosystems including Louisiana barrier islands and marshes. Th e degree of impact to coastal wetlands and their recovery is variable depending on the amount of oiling, ecosystem type, and environmental conditions. Wetlands possess unique characteristics aff ecting the processing and assimilation of toxic organic chemicals (Pardue et al., 1993a,b) . Understanding the short-and long-term response of Gulf wetland ecosystems to the spill is critical. Natural recovery of oil-impacted ecosystems involves a complex series of processes including oil volatilization, dispersion, and biodegradation, all of which serve to remove oil given enough time and proper environmental conditions. Microbial degradation of oil is a particularly important process for the recovery of these wetland systems because most components of oils are biodegradable. Biodegradation of oil components in wetlands has been demonstrated in greenhouse and fi eld studies (DeLaune et al., 1990 ), but the rates of degradation are strongly dependent on nutrient availability and other environmental conditions. Th e processes aff ecting spilled oil in open waters are dominated by volatilization, photolysis, and dispersion (Prince, 1992) , while the processes in wetland soils and sediments are dominated by transport (advective and diffusive) and biodegradation. Wetlands can have free water surfaces that facilitate volatilization, yet volatilization and dispersion of oil can be inhibited by the presence of marsh vegetation. Advective and diff usive transport of oil through the soil profi le can be greatly inhibited by the presence of water. It is unclear which Th e Deepwater Horizon spill oiled coastal wetland ecosystems along the northern Gulf of Mexico. We present data on probable impacts and recovery of these impacted wetlands. Based on numerous greenhouse and fi eld studies conducted primarily in coastal Louisiana, we suggest that marsh vegetation will recover naturally without need for intensive remediation. Oiled marshes may reduce the availability of habitat for mobile fi sh species, resulting in their translocation to unimpacted areas. Impacts on benthic organisms may result in shift s in microbial community structure, but they will probably recover in lightly oil-impacted areas. Th e degradation rate or length of time oil remains in impacted wetlands depends on environmental conditions. Oil-impacted soils already contain adequate indigenous microorganisms capable of degradation under suitable environmental conditions. Nutrient addition, especially N, may increase the rate of oil biodegradation when sediment nutrient levels are low, but O 2 availability appears to be the most important variable controlling oil degradation in marsh soils. Oil impacts on sediment O 2 demand and restriction in O 2 exchange at the sediment-water interface can alter biogeochemical processes and gaseous exchange (CO 2 and CH 4 ) with the atmosphere. Even though there were harmful impacts resulting from the Deepwater Horizon oil spill, prior research has demonstrated that Gulf Coast marshes are resilient and can recover. Th is view is supported by fi eld observations of new shoots appearing in heavily oiled marshes 1 yr following the spill. Even though this review shows that Gulf Coast marshes have a high natural recovery potential, many ecological processes have not been adequately quantifi ed or identifi ed.
of these processes dominate the natural remediation of oil in wetlands.
Previous studies on spilled oil in Louisiana Gulf Coast wetlands have focused on oil eff ects on wetland plants and benthic organisms (DeLaune et al., 1979; Smith et al., 1984; Mendelssohn et al., 1993) . Little eff ort in Louisiana has been directed at understanding the dynamics of the microbial response to oiling, although some mesocosm studies in Texas focused on the microbial response to oil addition (Wright et al., 1996 (Wright et al., , 1997 . Other studies have documented changes in microbial populations in wetlands in response to oil exposure (Hood et al., 1975; Kator and Herwig, 1977) . Th ese responses were generally increases in total microbial populations and increases in the ratio of hydrocarbon degraders to total heterotrophs (Wright and Weaver, 2004) . Little is understood, however, regarding how changes in microbial community structure resulting from oiling infl uence wetland biogeochemical cycles.
In addition to ecosystem structural variables including plant diversity and biomass and sedimentation, coastal wetlands are characterized by functional variables including the transformation, exchange, and cycling of elements (C, N, O, P, S, Fe, and Mn) among water, sediments, biota, and the atmosphere. Th ese functional characteristics of wetlands are important at numerous spatiotemporal scales and infl uence processes at the ecosystem, regional, and global levels. Acute and chronic oiling of wetland ecosystems can alter wetland functioning, and it is unclear what signifi cance this might have in regional or larger scale audits. Clearly, the time course and mechanisms of recovery of wetland functions aft er oil exposure (or oil remediation) are important variables that must be considered when evaluating any short-and long-term ecological impacts of oil pollution resulting from the Deepwater Horizon Spill. Biogeochemical signals can provide sensitive and accurate "biomarkers" of functioning and recovery of oil-impacted wetlands.
We evaluated previous studies dealing with oil impacts on Gulf Coast wetland ecosystems. From this evaluation, we have attempted to predict the impacts resulting from the Deepwater Horizon oil spill.
OIL EFFECTS ON MARSH VEGETATION
Th e infl uence of South Louisiana crude (SLC) oil on Spartina alternifl ora Loisel. salt marshes in Louisiana has been reported for numerous greenhouse and fi eld studies (DeLaune et al., 1979) . Spartina alternifl ora can tolerate oil exposure with minimal decrease in aboveground biomass, and oil added at rates up to 8 L m −2 did not reduce the aboveground biomass at the end of the growing season. Oil application and subsequent plant exposure did not decrease the number of new shoots that developed the spring aft er the fi rst harvest. Plant growth during the second year was also not signifi cantly decreased by oil application, even when 2.0 L m −2 remained in the soil aft er 16 mo. A related greenhouse study demonstrated that aboveground biomass was not reduced by oil applied at rates up to 32 L m −2 ; however, biomass was indirectly aff ected by oil at the highest application rate through a reduction in new shoot development.
South Louisiana crude oil was applied to fi eld plots in a Louisiana S. alternifl ora salt marsh subjected to various restoration methods, such as the addition of a dispersant and mechanical fl ushing. Th e purpose was to evaluate these remediation technologies for mitigation of the impacts of crude oil on marsh biota . Th e application of oil to the marsh did not reduce macrophyte production compared with plots not receiving oil (Table 1) because the plant biomass for all treatments was similar the year following oil application. We thus concluded that cleanup treatments produced no benefi ts to the S. alternifl ora marsh recovery. Th e study also demonstrated that there was no oil-induced mortality for the marsh macrofauna and meiofauna. For Louisiana salt marshes, which have a low sensitivity to oil as demonstrated in this study, the best action in response to an oil spill was to leave the impacted marshes alone and to instigate no cleanup activities.
Various fi eld and greenhouse studies were conducted to evaluate crude oil eff ects on selected Gulf Coast salt marsh plants . In greenhouse studies, plants were exposed to SLC and Arabian medium crude (AMC) oils. Following the coating of entire leaves and stems with oil, the plants showed diff erent levels of sensitivity. Spartina patens (Aiton) Muhl. died within 1 mo aft er exposure to the oil and did not recover by 3 mo. Panicum hemitomon Schult. and S. alternifl ora were also adversely aff ected by oiling but were less sensitive than S. patens. Th e SLC or AMC oiling contributed to reductions in the aboveground biomass of S. alternifl ora and S. patens, but the biomass of P. hemitomon, Sagittaria lancifolia L., Typha latifolia L., and Scirpus olneyi A. Gray was not aff ected by oiling. When whole plants were coated by oil, S. patens was more sensitive to SLC than AMC oil, indicating an infl uence of oil type on biomass production. Gross CO 2 -C fi xation by S. lancifolia, S. olneyi, and T. latifolia was not aff ected by oil application, indicating no diff erences in recovery among the species. Field studies using S. alternifl ora, S. patens, and S. lancifolia demonstrated the initial sensitivity of these species to whole-plant oiling, but as shown in Fig. 1 , recovery did occur following oiling with SLC (Table 2) . Th ese studies did not conduct any plant biochemical or enzyme assays, however, to supplement the biomass data. Plant enzyme assays can be used refl ect changes in the health of plants.
Results from greenhouse and fi eld studies were not always consistent, thus caution must be used when extrapolating the results from greenhouse studies to predict oil spill impacts in actual wetlands, especially in cases where plants are completely coated with oil. Th e development of a sensitivity index of plant response to oiling should not be based solely on greenhouse experiments but rather must incorporate fi eld evaluations. Th us, actual restoration activities in oil-impacted coastal marshes should be based on published fi eld studies. Th e reported fi eld studies suggest that coastal marsh vegetation is likely to naturally recover from oil spills without much need for remediation, even when the stems and leaves of plants are completely coated with oil. It should be pointed out, however, that oil stresses to a plant can occur in the context of multiple stressors or environmental factors being exerted on a coastal ecosystem that interact to determine the rate of plant recovery.
Th e eff ect of crude oil on gas exchange within oiled Juncus roemerianus Scheele and S. alternifl ora has been examined in growth chamber studies (Pezeshki and DeLaune, 1993) . Th ese plants were coated with Mexican sour crude oil mixed with water at 4.4 mL L -1 (2 L m −2 ), which caused an initial cessation of photosynthetic activity. Th e exposure of plant leaves to oil resulted in a decrease in net photosynthesis initially, but aft er 4 wk, net photosynthesis began to improve for both species with no lethal eff ects. By the end of the study, there was no signifi cant reduction in new shoot production or the overall growth rate for either species. Lin and Mendelssohn (1996) evaluated the eff ects of SLC oil on vegetation from fresh, brackish, and salt marshes in a greenhouse study. Th e vegetation included S. alternifl ora, S. patens, and S. lancifolia, which are the dominant vegetation of salt, brackish, and freshwater marshes, respectively. South Louisiana crude oil was applied to marsh soil with plant plugs at rates of 0, 4, 8, 16 , and 24 L m −2 , and the oil did not come in contact with the plant leaves. Th e soil column was drained at 1, 30, and 60 d to allow the oil to come into contact with the roots, which may not actually represent exposure conditions in the fi eld, considering the high soil bulk density under saturated conditions. Th e photosynthetic rate of S. patens signifi cantly decreased with increasing oil dosage 1 mo aft er oil application, while the photosynthetic rate of S. alternifl ora was not reduced by oil application until 3 mo. Th e photosynthetic rate of S. lancifolia was not detrimentally aff ected by the oil. Four months aft er oil application, live aboveground S. patens biomass production was signifi cantly reduced at higher oil dosages, but the S. alternifl ora biomass was not aff ected by the oil, probably due to the high clay content in the S. alternifl ora marshes. Th e year following oil application, no regrowth of S. patens and S. alternifl ora occurred at oil levels >8 L m −2 .
USE OF DISPERSANTS AND CLEANERS IN OILED MARSHES
Th e eff ect of dispersed and undispersed SLC oil on the growth of S. alternifl ora and associated meiofaunal communities was investigated in replicated fi eld experiments in Louisiana salt marshes . Replicate plots were 2.45 by 4.90 m and extended 2.45 m from the marsh into open water. South Louisiana crude oil was added at 2 L m −2 to the open water portion of the plots. Dispersants were aerially applied to the oil at 0.17 L m −2 to create a 1:12 ratio of dispersant to crude oil. Th e oil or oil + dispersant was left in the open water portion of the plots for 1 h before being forced onto the marsh. During this time, the oil or oil + dispersant was physically mixed to obtain a uniform distribution. Th e oil or oil + dispersant was forced onto the marsh by a pump that created a water head in the open water area bordering the marsh, thereby simulating tidal fl ow of water across the marsh. Th e plot retainers were removed after 24 h to allow normal tidal fl ushing. Th e relative CO 2 fi xation of S. alternifl ora treated with SLC oil and dispersed oil is shown in Table 3 . Crude oil signifi cantly reduced gross CO 2 -C 
Control 100 (6.1) † 100 (5.5) 1333 (93) 415 (235) 1384 (236) 389 (83) SLC 86.6 (5.3) 81.1 (7.2) 827 (107) 593 (46) 583 (79) 539 ( fi xation 6 d aft er oil introduction into the marsh, but oil treated with dispersant did not signifi cantly reduce the gross CO 2 -C fi xation relative to the control. Th e reduction in photosynthesis for oil-treated plots relative to the control was short lived, as S. alternifl ora recovered within 13 d aft er oil exposure. Th e quick recovery of photosynthetic activity is consistent with the longer term aboveground biomass data obtained in fi eld studies (Table  3) . Th e S. alternifl ora aboveground biomass was not statistically decreased or increased when oil or oil + dispersant entered the marsh. Neither crude oil nor oil + dispersant produced an inhibitory or stimulatory eff ect on S. alternifl ora growth or the meiofaunal communities, including the meiobenthos . Th ere was also no mortality in the meiofauna community that could be attributed to oil or oil + dispersant (Table 4) because the total meiofauna actually increased with time following oiling. Greenhouse studies focused on the response of selected Gulf Coast marsh macrophyte species to oiling and commercial cleaners have been conducted using soil plant plugs. A shoreline cleaner, COREXIT 9580 (Nalco Energy Services, Sugar Land, TX), was tested to determine its eff ectiveness in removing SLC and AMC from the leaves of marsh plants (Pezeshki et al., 1998) . Bulltongue (S. lancifolia), three-cornered grass (S. olneyi), and broadleaf cattail (T. latifolia) were subjected to oil application and cleaning in a greenhouse, and the subsequent eff ects on plant functions, including plant stomatal functioning, photosynthesis, respiration, regeneration, growth, and biomass, were evaluated. Th e treatments included: control (no oil or cleaner), cleaner only (COREXIT 9580 only, no oil), oiled with SLC or AMC only (no cleaner), and oiled using SLC or AMC and cleaned with COREXIT 9580 aft er 2 d. Th e existing leaves of all plant species directly subjected to oiling (but not cleaned) did not recover from the eff ects of oiling. Leaves receiving oil + cleaner or leaves developed during the post-oiling period (new leaves), however, showed normal physiological function. Th is study demonstrated that plants oiled with SLC or AMC would recover without cleaning. Any benefi cial eff ects of the cleaner would be more pronounced in plant species that are more sensitive to oil other than the species studied.
Field studies have also been conducted in Louisiana brackish and freshwater marsh habitats to evaluate the eff ects of oiling (using SLC) and the eff ectiveness of a shoreline cleaner (COREXIT 9580) in removing oil from oiled S. patens and S. lancifolia canopies (Pezeshki et. al., 2001) . Twelve weeks aft er treatment imposition, photosynthetic C fi xation of both species had recovered to normal levels. In the short term, S. patens was more sensitive to SLC oiling than S. lancifolia. Th e study indicated that the cleaner removed oil from marsh grasses and alleviated the short-term impacts of oil on the gas-exchange functions of the plants; however, the use of the cleaner had no detectable eff ects on S. patens and S. lancifolia aboveground biomass production or regeneration at the end of the fi rst growing season.
BURNING OF OILED MARSHES
In situ burning involves controlled burning of the oil and oiled vegetation in the marshes. Th is technique is capable of rapidly removing large amounts of oil with limited equipment and personnel and can be a viable option for removing pooled oil during certain times of the year. Th e technique may cause damage to wetland habitats, however, and result in temporary air pollution and the production of possible toxic residues.
A fi eld study in a Louisiana Gulf Coast salt marsh evaluated S. alternifl ora sensitivity to oiling and to in situ oil burning (Lindau et al., 1999) . Replicated experimental fi eld plots (2.4 by 2.4 by 0.6 m) included a control, oiling (natural cleanup), and oiling + burning treatments. South Louisiana crude was applied to the oiling and oiling + burning treatment plots at 2 L m −2 , followed by the burn. Spartina alternifl ora responses (height, live stem density, C fi xation, and biomass) were measured for 50 wk aft er the August burn. Oiling and oiling + burning resulted in short-term harmful eff ects to marsh plants. One year aft er the burn, however, S. alternifl ora responses measured in the oiled and oiled + burned plots were not signifi cantly diff erent than the control sites. Th ese results suggest that, under these experimental conditions, intervention may not be required for marsh recovery at burn sites and burning could be useful for preventing the spread of oil and to protect sensitive wetlands.
A similar fi eld study comparing S. alternifl ora and S. lancifolia sensitivity to oiling and in situ oil burning was conducted in coastal Louisiana . Vegetative responses (stem density, height, C assimilation, and biomass production) were measured for approximately 1 yr following in situ burns. Th e application of oil and SLC burning produced only shortterm detrimental eff ects to the salt and freshwater marsh vegetation. Vegetative responses measured in the oiled and oiled + burned plots approached or exceeded the control (no oil or burn) aft er 1 yr, again demonstrating no long-term lasting eff ects of oil burning on marsh vegetation.
In situ burning has also been used for the remediation of a gas condensate spill in a brackish marsh at the Rockefeller Wildlife Refuge in southwestern Louisiana (Pahl et al., 2003 ). An assessment of vegetation recovery was initiated in three treatment marshes: (i) oil-impacted and burned, (ii) oil impacted and unburned, and (ii) an unoiled and unburned control. Stem density, live biomass, and total cover percentage values in the oilimpacted and burned marsh were equivalent to those of the other treatment marshes aft er 3 yr. Th e conclusions were that burning, under the proper conditions, can be relied on as an eff ective cleanup response to oil spills in herbaceous wetlands.
Th e eff ects of water depth (10, 2, and −2 cm), oil type (crude and diesel), and oil penetration of sediment before oil burning on the relationship between vegetation recovery and soil temperature for three coastal marsh types has been investigated (Lin et al., 2002) . Th is study demonstrated that water at the soil surface, which is always present, will probably protect wetland plants from burning. Experimental in situ burns have also been conducted using marsh plugs placed in tanks to study the eff ects of oil type, marsh type, and water depth on oil chemistry and oil removal effi ciency from the water surface and sediment (Lin et al., 2005) . In situ burning decreased the levels of total targeted alkanes and total targeted polycyclic aromatic hydrocarbons (PAHs) in the burn residues compared with the preburn diesel and crude oils. Removal was even more eff ective for short-chain alkanes and low-ring-number PAHs. Removal effi ciencies for alkanes and PAHs were >98%, although the concentrations of some long-chain alkanes and high-ring-number PAHs increased in the burn residue relative to the preburn oils. Th is study also suggested that in situ burning has the potential for aiding oil spill cleanup in coastal marshes.
Th e environmental signifi cance of atmospheric emissions resulting from in situ burning for the removal of oil entering Louisiana coastal salt marshes was determined (Devai et al., 1998) . Th is study documented the pollutants produced and emitted to the atmosphere as a result of burning of an oil-contaminated Gulf Coast marsh. Air samples collected from the smoke plume contained a variety of gaseous S and C compounds. Carbonyl sulfi de and CS 2 were the main volatile S compounds, while SO 2 concentrations were almost negligible. Concentrations of CH 4 and CO 2 in the smoke plume increased compared with ambient levels. Air samples collected for measurement of aromatic hydrocarbons in the smoke plume were dominated by pyrogenic or combustionderived aromatic hydrocarbons. Th e particulate fraction was dominated by phenanthrene and the C-1 and C-2 alkylated phenanthrene homologs, while the vapor fraction was dominated by naphthalene and the C-1 to C-3 naphthalene homologs.
OIL BIOREMEDIATION
Bioremediation involves the addition of nutrients or other growth-limiting substrates to oil-impacted environments for the purpose of accelerating the natural biodegradation process.
Bioremediation is a minimally intrusive method that can be effective for treating oil spills in medium-and low-energy coastal areas (Swannell et al., 1996; Venosa et al., 1996; Lee et al., 1997; Zhu et al., 2001) . Th ere are few data published, however, on the eff ectiveness of the bioremediation of oil spills in Gulf Coast wetlands (Lee and Levy, 1991; Wood et al., 1997; Wright et al., 1997; Wright and Weaver, 2004) . Several studies on oil bioremediation in coastal salt marshes have improved the understanding of the potential for oil bioremediation Shin et al., 1999; Burns et al., 2000; Garcia-Blanco and Suidan, 2001) .
Environmental factors infl uencing oil biodegradation in salt marshes include pH, O 2 , temperature, nutrients, and salinity. Th e limiting conditions for oil biodegradation in salt marshes may be diff erent from other marine shorelines and freshwater wetlands where bioremediation has been tested. Th e success of using bioremediation in response to oil spills depends on establishing the conditions in marshes that optimize oil biodegradation rates. As an example, N availability oft en limits oil degradation in coastal marshes, so supplemental N addition may facilitate oil biodegradation. Th e availability of N for oil biodegradation depends on many processes, such as N 2 fi xation, denitrifi cation, organic matter decomposition, plant uptake and release, and tidal action. Nutrient availability becomes a limiting factor for oil degradation soon aft er the oil from a spill reaches a marsh and the pool of available nutrients is depleted; however, nutrient availability and supply depend on the sediment type, season of the year, and the amount of oil spilled.
Th e eff ects of N and P application on bioremediation of SLC oil in a Louisiana S. lancifolia freshwater marsh were investigated . Treatments used in the study were: (i) oil without plants, N, or P; (ii) oil and plants, without N or P; (iii) oil without plants but with N and P, and (iv) oil, plants, N, and P. South Louisiana crude oil, N, and P were applied to the marsh at 2 L oil m −2 , 10 g N m −2 , and 4 g P m −2 . Sediment cores from the fi eld plots were collected at 2, 15, and 53 wk aft er oil application, and soil extracts were analyzed by gas chromatography/mass spectometry (GC/MS) for target n-alkanes and PAH. Th e results from this study demonstrated that N and P addition accelerated SLC decomposition at 2 and 15 wk. Hydrocarbons in the marsh soil were at trace concentrations aft er 1 yr regardless of N and P treatment, demonstrating that in the long term, rapid turnover and loss of oil from the marsh occurred regardless of supplemental fertilization.
A study of the three most popular bioremediation agents, including fertilizers, microbial products, and soil oxidants, was conducted for coastal mineral and sandy marsh substrates in a controlled greenhouse experiment (Lin et al., 1999) . Th e SLC was applied to marsh sods (soil and intact vegetation) at 2 L m −2 . Th e addition of nutrients promoted the degradation of crude oil in the sediments. Th e application of microbial products and soil oxidants had no positive eff ects on oil degradation under the experimental conditions, suggesting that microbial hydrocarbon degraders were not limiting oil biodegradation rates under these experimental conditions. Th e indigenous microbial population was apparently able to readily respond to oil addition, increase in size, and utilize the oil. Shin et al. (1999 Shin et al. ( , 2000 investigated the eff ects of nutrient application on Louisiana sweet crude oil bioremediation and O 2 dynamics in a Louisiana S. alternifl ora salt marsh. Four treatments were examined: an unoiled control, an oiled control, oil plus NH 4 NO 3 , and oil plus slow-release fertilizer. Oil components were measured by GC/MS and hopane served as a biomarker. Sediment O 2 demand (SOD) was measured in the marsh and SO 4 reduction was assessed using 35 SO 2 2− radiotracer techniques. Th e addition of nutrients failed to stimulate oil biodegradation, which may have been a result of the high residual nutrient concentrations in the soil. Th e residual N concentrations in the marsh pore water were higher than the threshold N concentration of 1 to 2 mg N L −1 that was deemed optimal for maximum potential oil biodegradation (Venosa et al., 1996) . Oil and fertilizer application increased SOD and SO 4 reduction rates in the marsh soils. Th e majority of this SOD was attributed to aerobic respiration by hydrocarbon-degrading microorganisms, indicating that aerobic biodegradation of the applied crude oil was the primary mechanism for oil removal from the marsh. Th e study demonstrated that oil biodegradation occurred primarily when changes in the tidal cycle resulted in exposure of the soil surface to air (Shin et al., 2000) , indicating that O 2 availability to hydrocarbon-degrading microorganisms was a major controlling factor of oil biodegradation in Louisiana salt marshes.
Phytoremediation is oft en a successful mechanism for remediation of contaminated soils in terrestrial environments, but it has not been widely used for oil spills in wetlands. Minimal research has been conducted on the eff ectiveness of phytoremediation in wetlands (Lin and Mendelssohn, 1998) , with most studies focused on greenhouse experiments rather than fi eld studies. Similar to bioaugmentation, studies on phytoremediation of oil spills have produced mixed results. Th e eff ectiveness of phytoremediation is oft en site specifi c and infl uenced by oil composition and type, plant species, and environmental conditions. Root-associated microorganisms play an important role in degrading pollutants in a wetland environment. Wetlands plants modify the soil surrounding their roots by transporting O 2 from the stems and leaves through arenchyma tissue to the roots. Plants also release organic and inorganic substrates to the root rhizosphere. Th e exudates including O 2 increase microbial populations, which play an important role in degrading pollutants, including hydrocarbons (Singer et al., 2003) . Rhizosphere microorganisms can metabolize pollutants by themselves or in symbiotic association with plants. Lin and Mendelssohn (2008) determined the phytoremediation eff ectiveness of S. patens on oil-contaminated wetland sediments in a greenhouse study. Spartina patens was transplanted into salt marsh sediments receiving SLC oil at 0, 40, 80, 160, 320, 640, and 800 g oil kg −1 dry sediment. High oil levels adversely infl uenced stem density and above-and belowground biomass by 1 yr. Th e S. patens enhanced oil degradation in the sediment, as evidenced by a lower total petroleum hydrocarbon concentration compared with unvegetated sediments. Decreases in sediment PAH concentrations demonstrated the capacity of S. patens to phytoremediate oil-impacted sediments. Th ese results demonstrated the potential of S. patens to remediate oilimpacted marshes, possibly due to the ability of marsh vegetation to facilitate O 2 transport to the soil surface and stimulate the aerobic decomposition of oil.
Phytoremediation is particularly eff ective when it is used in combination with fertilizer addition because oil contamination oft en results in nutrient defi ciencies. Th e addition of fertilizers enhances oil degradation by indigenous rhizosphere microorganisms while simultaneously stimulating plant growth, thereby increasing both the eff ectiveness of phytoremediation and accelerating the recovery of the plants. Mycorrhizal fungi have also been demonstrated to enhance oil decomposition in some studies (Schwab and Banks, 1994; Salami and Elum, 2010) through their ability to supply nutrients to oil-degrading organisms and their positive eff ects on plant growth, establishment, and regeneration.
Th e eff ects of biostimulation and phytoremediation on marsh restoration and enhancement of oil degradation have been evaluated in greenhouse studies (Lin and Mendelssohn, 1998) . Spartina alternifl ora and S. patens were dosed with 0, 4, 8, 16, and 24 L m −2 of SLC oil, and the plants were transplanted into oiled and unoiled plugs 2 yr aft er oil application. Fertilizer was applied at 1 and 7 mo aft er transplanting. Th e plants were killed at oil application rates of 8 L m −2 . Th e application of fertilizers signifi cantly increased the biomass of both plant species. Except at the highest oil application rate, the oil in the marsh soil failed to aff ect the biomass of the S. patens transplants compared with unoiled treatment; however, the regrowth biomass of the S. alternifl ora transplants receiving fertilizers was higher at all oil application rates up to 250 g kg −1 than the unoiled treatment, with or without fertilizer. Oil degradation rates in the soil were significantly enhanced by the application of fertilizers in conjunction with the presence of transplants. Th is study, however, lacked a fertilizer-only treatment for comparison.
BIOAUGMENTATION AND MICROBIAL DEGRADATION OF OIL
Th e rate and extent of microbial degradation of oil in wetlands is largely determined by the environmental conditions, including temperature (Bartholomew and Pfaender, 1983) , salinity (Bourquin and Pryzybyszewski, 1977) , redox potential (Hambrick et al., 1980; Pardue et al., 1988) , pH (DeLaune et al., 1981) , and the O 2 and nutrient status of the environment (Cooney, 1984) . Biodegradation of oil is primarily an aerobic process, requiring the presence of molecular O 2 and high redox potential (Shin et al., 1999 (Shin et al., , 2000 . Several novel microbial processes have been identifi ed that degrade oil components under anaerobic conditions, including the degradation of benzene, toluene, ethylbenzene, and xylene compounds and naphthalene under denitrifying conditions (Milhelcic and Luthy, 1988a,b) . It is probable that other anaerobic processes have yet to be elucidated; however, it is recognized that aerobic processes act on a broader spectrum of compounds and are more rapid and complete (e.g., mineralization to CO 2 and H 2 O) than anaerobic processes.
Microbial oil degradation primarily occurs by aerobic respiration, and, in the absence of O 2 , microbes utilize other mechanisms to degrade oil for energy. Microorganisms degrade oil through the production of enzymes that aid its degradation into smaller compounds. Examples of such enzymes include phenol or polyphenol oxidase, catalase, and lipase, which in combination with O 2 function to degrade oil. Th us, oil decomposition proceeds much more quickly under aerobic than anaerobic conditions when these enzymes are active.
Many of the bacteria capable of degrading oil include Pseudomonas, Acinetobacter, Flavobacterium, and Corynebacterium. Lee and Levy (1987) used a mixture of Pseudomonas aeruginosa, Pseudomonas stutzeri, and Bacillus subtilis to elucidate their eff ects on oil decomposition and observed no positive eff ects. Population sizes of the oil-degrading microorganisms took 2 wk aft er oil application to increase regardless of addition of the microbial mixture. Jobson et al. (1974) also used diff erent genera of oil-degrading microorganisms, including Flavobacterium, Cytophoga, Pseudomonas, Xanthomonas, Alcaligenes, and Arthrobacter but met with little success.
Wetlands are dominated by anaerobic processes, such as methanogenesis and sulfate reduction. Aerobic heterotrophic activity is concentrated at the sediment-water interface in a small (several millimeters thick) aerobic layer. Th e high O 2 demand exerted by decaying vegetation in wetland soils can be met only at a slow rate due to the slow diff usion of O 2 through water. Th is results in the formation of a thin aerobic layer at the soil surface. Despite its small size, this aerobic-anaerobic double layer is critical for the biogeochemical cycling of N, C, P, and S in wetland soils (Feijtel et al., 1985; DeLaune et al., 1989 DeLaune et al., , 1990 .
Th e maintenance of this aerobic layer is also critical to microbial degradation of oil. In oil-impacted wetlands, oil components provide an additional overwhelming O 2 demand in addition to potentially serving as a physical barrier for O 2 diff usion. Some of this limitation may be overcome by passive diff usion of O 2 through marsh plants, although the relative supply and demand of this process has not been elucidated. In addition to O 2 limitation, essential nutrients such as N may become limiting due to the disruption of natural biogeochemical cycles and consumption during oil degradation. Wetland soils oft en contain large stocks of organic N, and the mineralization of this N source provides much of the nutrients required for plant growth and oil degradation. When the available N pool is depleted during oil degradation, the activity of hydrocarbon-degrading microorganisms is limited until N can be supplied from organic matter decomposition or tidal fl ow or through N fertilization. Th is internal cycling of nutrients is a characteristic of wetland systems and is critical for understanding the soil microbial response to oil spills.
Th e composition of oil adds another layer of complexity to its potential toxicity and degradation. Oils are comprised of hundreds of individual compounds whose main classes include normal alkanes (C1-C40), branched and cyclo-alkanes, isoprenoids (e.g., pristane and phytane), aromatics, and polar compounds (e.g., N-, O-, and S-containing heterocycles). Th e physical and chemical properties of these compounds (e.g., solubility) vary across several orders of magnitude. Th eir rates of biodegradation vary also, from the easily degradable alkanes to the slow-degrading isoprenoids. Degradation rates of oil components have been referenced to the isoprenoids, pristine, and phytane (Lee and Levy, 1987 , 1991 , although these compounds also degrade at measurable rates with time (Pirnik and McKenna, 1977) . Other components (e.g., hopanes) have been used as internal markers of degradation rates for longer periods (Prince, 1992) .
Other important environmental factors aff ecting oil biodegradation include pH and salinity. Th e optimal pH for oil biodegradation ranges between 6 and 9 (Atlas and Bartha, 1992) . Th e pH of wetland sediments and the overlying water depends on both soil type and hydraulic conditions. For wetlands with frequent tidal inundation, the pH of sediments and the pore water is primarily governed by seawater and is near neutral or slightly alkaline. Most marine microorganisms have an optimum salinity range of 2.5 to 3.5% and grow poorly or not at all at salinities <2% (Zobell, 1973) . Studies have also shown that rates of hydrocarbon degradation decrease as salinity levels increase above those of seawater (Ward and Brock, 1978; Rhykerd et al., 1995) .
Although many factors can aff ect oil biodegradation, not many environmental factors can be easily manipulated to enhance this process. Th ere are two main approaches to oil spill bioremediation: bioaugmentation, in which oil-degrading microorganisms are added to supplement or augment the existing microbial population, and biostimulation, in which the growth of indigenous oil-degrading microorganisms is stimulated by the addition of nutrients or other growth-limiting co-substrates. Most of the laboratory studies have focused on the potential of using nutrient amendments to enhance oil biodegradation in salt marshes. Th e microbial community is rarely a limiting factor, and nutrient addition alone oft en has a greater eff ect on oil biodegradation than the addition of microbial products (Venosa et al., 1996; Lee et al., 1997) . Jackson and Pardue (1999) conducted microcosm and mesocosm studies in Louisiana salt marsh sediments to investigate the eff ect of diff erent types of nutrients on enhancing the biodegradation of Louisiana crude oil. Th e microcosms contained a 60:1 (water/soil) slurry produced from a salt marsh sediment at an oil concentration of 0.7 kg oil kg −1 soil and were operated in a completely mixed and aerated mode where O 2 limitation was nonexistent. Th e nutrient species examined included PO 4 , NH 4 , NO 3 , and PO 4 plus NH 4 . Th e results showed that oil degradation was limited by N but not P under these conditions. In a follow-up mesocosm study , large intact cores (900 cm −2 ) of salt marsh sediments were contaminated with crude oil and treated with a range of NH 4 concentrations. Th e results showed that NH 4 amendments had limited success in enhancing oil biodegradation. Even at the highest NH 4 loading (10 mg m −2 ), the amendment was only able to increase the degradation of lower-chain-length alkanes (<C20) by 10 to 40%, and no signifi cant enhancement of PAH and longer chain alkane degradation was observed. Wright et al. (1996 Wright et al. ( , 1997 ) also conducted mesocosm studies to investigate the infl uence of N and P using 7.5-L buckets containing salt marsh sediments with and without transplanted S. alternifl ora. Th e eff ect of season was also examined by conducting this study during the winter and summer months. Weathered Arabian crude oil was applied at a rate of 0.46 g oil m −2 . Nutrient treatments included urea, NH 4 , NO 3 , a slow-release fertilizer (MaxBac, Grace-Sierra Horticultural Products, Milpitas, CA), and an oleophilic fertilizer (Inopol EAP-22, Société CECA, Paris). Th e study showed that the eff ectiveness of bioremediation depended on both the types of nutrients and the season of the oil spill. Th e addition of N sources without P did not enhance oil degradation, while P addition led to an increase in degradation from 43% for the no-nutrient control to 53 to 75% for various N and P combinations. Nutrient addition did not signifi cantly stimulate oil degradation beyond the 70% reported for all the treatments. Th is was attributed to the higher mineralization rates of organic nutrients in the sediments during the summer. Th e study also indicated that the existence of S. alternifl ora did not signifi cantly aff ect oil degradation compared with treatments without plants.
In a laboratory study, the rate of oil degradation was measured in sediments collected from a low-energy Louisiana brackish wetland that had been exposed for a number of years to produced-water discharge (DeLaune et al., 2000) . Recalcitrant and high-molecular-weight compounds were the primary hydrocarbon fractions found in the sediments. Degradation rates were determined by measuring the loss of select hydrocarbons components with time. Oxidized sediment conditions resulted in a higher rate of degradation for most hydrocarbon fractions than reduced sediments. Fertilizer or nutrient amendment of contaminated sediments signifi cantly increased the rate of hydrocarbon degradation, particularly the degradation of the low and soluble molecular weight fractions compared with the highmolecular-weight fractions. Th us, biodegradation of oil components in wetlands has been demonstrated (DeLaune et al., 1990 ), but degradation rates are strongly dependent on environmental conditions. Th erefore, it is unclear which processes dominate the remediation of oil in wetlands and what eff ect oil has on ecosystem functioning. Based on the review of fi eld, greenhouse, and laboratory studies, wetland soil and sediment microbial pools have the capability of signifi cantly remediating oil-impacted wetlands with minimal need for supplementation.
IMPACT OF OIL ON BIOTA
A fi eld study on a Louisiana S. alternifl ora shoreline evaluated the toxic eff ects of Alaska North Slope crude (ANSC) oil and dispersed oil (ANSC + dispersant COREXIT 9500, Nalco Energy Services) on three aquatic species indigenous to the Gulf of Mexico (Liu et al., 2006) , including Fundulus grandis (Gulf killifi sh), Crassostrea virginica (eastern oyster), and Litopenaeus setiferus (white shrimp). Total hydrocarbon concentrations in the oiled treatments (the open water fi eld enclosures were opened following oiling to represent tidal action) decreased rapidly in 3 h and were below 1 mg L −1 at 24 h aft er the initial treatment. Th e COREXIT 9500 facilitated the dissolution of oil fractions into the water column. Litopenaeus setiferus exhibited short-term sensitivity to the oil and ANSC + dispersant at 30 mg L −1 ; however, most test organisms (>83% of each species) survived well aft er 24 h of exposure to the treatments. Laboratory tests conducted concurrent with the fi eld investigation indicated that concentrations of oil >30 mg L −1 were required to cause a signifi cant toxic eff ect on the juvenile organisms tested. Roth and Baltz (2009) determined the short-term eff ects of an oil spill in Louisiana Barataria Basin on marsh-edge fi shes and decapod crustaceans. Before-aft er control impact (BACI) analyses of the total number of individuals (fi shes + decapod crustaceans), total fi shes, and sensitive species found signifi cant interactions between the temporal (before-aft er) and spatial (control-impact) treatments, which indicated an eff ect from the oil. Nonparametric analyses detected varied faunal assemblages across temporal treatments but were similar in species composition among spatial treatments. While the BACI analyses showed event eff ects, diff erences were not detected in nonparametric analyses of community structure. Fish were mobile and left the spill area aft er the disturbance, whereas the less mobile but more numerous benthic decapod crustaceans remained. Th e overall community structure quickly recovered from the localized spill event, with few long-lasting eff ects.
In a study to determine the potential impact of an oil spill on Louisiana salt marsh meiofauna, 2 L m −2 SLC oil was applied to four fi eld experimental S. alternifl ora marsh plots (Fleeger and Chandler, 1983) . Four unoiled plots served as controls. All plots were sampled 1 to 3 h before and 2, 5, 10, 20, 30, 60, 95, and 144 d following oil application. Meiofauna were sorted to the major taxon, and copepods were identifi ed to the species. Surprisingly, the meiofauna were tolerant of oil because no mortality could be identifi ed even though >13,000 ng oil kg −1 dry sediment was applied. Densities of several taxa responded positively to oil application: nematodes were more numerous in oiled plots at 5 and 20 d, and copepods at 30 and 60 d. Th e increase in copepod numbers was probably a result of an increase in Enhydrosoma woodini density. Copepods showed minimal changes in community structure, and no successional sequence was identifi ed. A long-term eff ect of oil on copepods was evident in that copepod densities were lower in oiled than unoiled areas aft er 144 d. Th e density increases of some species probably occurred because of increases in the production of oil-degrading microorganisms or because the oil inhibited predation.
Th e infl uence of dispersants was tested using SLC oil applied to S. alternifl ora. Th e eff ects on meiofaunal communities were also investigated in a replicated fi eld experiment in a Louisiana salt marsh . Th e oil and oil + dispersant treatments were applied to open water adjacent to the marsh and forced onto the marsh to simulate tidal conditions. Spartina alternifl ora and the meiofaunal communities, including the meiobenthos, were not aff ected by either the oil or oil + dispersant treatment (Table 5) .
Th e infl uence of PAH on a benthic salt marsh food web was determined using a microcosm study simulating a natural wetland (Carman et al., 1995) . Microcosms were dosed with sublethal concentrations of PAH-contaminated sediments (0.3-3 mg PAH kg −1 dry sediment) collected from a produced-water site at Pass Fourchon, LA. Bacterial activity, physiological condition, and abundance were not aff ected by PAH concentrations, but microalgal activity and physiological condition were impacted. Th e grazing on benthic microalgae by meiobenthic copepods and their physiological condition were not infl uenced by PAH concentration. Nematodes became abundant at high PAH concentrations, and the nauplius/copepod ratio was highest at high PAH concentrations, but no sublethal eff ects of PAH were observed. It is probable that the microbial and meiofaunal communities have adapted to the elevated PAH concentrations due to prior exposure from historic contamination.
Th e eff ects of oil on estuarine meiofauna were assessed in a Louisiana S. alternifl ora salt marsh (Decker and Fleeger, 1984) . Oil caused a delay in Polychaetes colonization and reduced their densities relative to unoiled sediments. High oil application rates decreased the nematode population size, although there was not a delay in colonization. Copepods generally were not aff ected by oil, except that a meiobenthic copepod, E. woodini, showed a reaction to oil but only in the top 1 cm of sediment. Enhydrosoma woodini had lower densities in response to oil throughout the study until 60 d, when populations receiving high oil application rates became higher than those in unoiled treatments.
IMPACTS OF OIL ON SOIL BIOGEOCHEMICAL PROCESSES
Th ere is little information on crude oil impacts on key biogeochemical processes in wetland soils. Th e biological reduction of NO 3 , Mn, Fe, and SO 4 and the production of CH 4 and NH 4 in reduced sediments was aff ected by the addition of oil. Oil applied to the water surface of unstirred sediments stimulated a release of Fe, Mn, and NH 4 from the sediment to the overlying water, which was probably due to the absence of O 2 in the water column aft er oil addition (DeLaune et al., 1979) .
Crude oil applied to the soil (up to 10% w/w) did not affect soil organic N mineralization rates (Table 6 ). Ammonium N was released during organic matter decomposition at a rate of 4 μg −1 d −1 for all treatments. Th e 200 mg NO 3 -N kg −1 that was added to reduced sediments was consumed within 4 d (Table 7) ; however, oil application did not infl uence NO 3 reduction rates (DeLaune et al., 1979) . Methane production in the reduced sediments was also not aff ected by oil application, averaging 4 μmol kg −1 sediment d −1 (DeLaune et al., 1979) .
CONCLUSIONS
Th e review of available literature on oil impacts in Gulf Coast wetlands for fi eld, greenhouse, and laboratory studies suggests that marsh vegetation under most conditions will recover naturally from exposure to oil without any need for remediation. Th e rate of recovery will depend on the degree of oiling, the amount of oil penetrating the soil profi le, and plant species sensitively to oiling. It has been shown that oil covering whole plants can result in injury and reduced photosynthetic activity. With the low tidal range, however, most oil entering Gulf Coast wetlands will not coat most leaves of marsh vegetation. Even if the leaves were coated, the plant was capable of putting out new shoots and establishing aboveground vegetative growth. It was thought that heavy-oiled marshes resulting from the Deepwater Horizon Spill would kill the roots of vegetation in oil-impacted marshes. Marsh resiliency to oiling is supported by the studies reported in this review, however, and by the observations following Table 5 . Densities of total meiofauna on each collection date after oil application the Deepwater Horizon Spill that oil-impacted vegetation is regenerating, with new shoots appearing in areas of heavily oiled marshes. Th e long-term eff ects of the oil spill on marsh vegetation and the wetland ecosystem, as demonstrated by this review of the literature, are minimal and should wane through time due to the resiliency of these wetland ecosystems. Although wetland ecosystems reveal a high natural recovery potential, man-made impacts of oil should be avoided because various ecological processes and short-or long-term impacts have not yet been quantifi ed or indentifi ed. Also, hydrocarbon stresses can occur in the context of multiple stressors being exerted on coastal ecosystems that interact to determine ecosystem-level resilience.
